Background Because parvovirus B19 infection in pregnancy has been associated with infant morbidity and mortality in case reports and after intrauterine transfusion, we tested the population-based association using serum and hospital data of high quality.
Introduction
Human parvovirus B19 (B19) infection primarily takes place during childhood, where it causes erythema infectiosum, also known as the fifth disease. 1 Infection in pregnancy may cause hydrops foetalis or foetal death through infection of foetal erythroid progenitor cells leading to anaemia and cardiac failure. 2, 3 Infection may also be associated with foetal myocarditis, which can cause arrhythmias and cardiac arrest without presence of anaemia. 4, 5 Larger epidemiological studies confirm an increased risk of foetal loss, [6] [7] [8] even after maternal B19 serology 7 where up to 50% of mothers may have had asymptomatic infection. 9, 10 Symptomatic treatment is possible, e.g. with intravascular/intrauterine transfusion (IUT) for B19-associated hydrops foetalis. The perinatal survival nowadays ranges from 67% to 85%, 6, [11] [12] [13] [14] although long-term neurodevelopmental impairment in this high-risk group of children has been suggested in some studies 11, 14 but not all. 12 Maternal and public health concern about an association between B19 infection during pregnancy and morbidity after birth is affected by the risk of foetal loss, [6] [7] [8] asymptomatic infections and morbidities reported in case and animal studies. For example, case studies reported congenital anaemia, thrombocytopenia, heart failure and myocarditis, meningitis and anomalies of the heart, brain and eyes.-In addition, one report associated B19-induced hydrops foetalis with death shortly after birth. 25 Animal studies have shown that intrauterine parvovirus infection caused malformations in rodents, cats and dogs. 26, 27 In general, viral infections in pregnancy have been hypothesized to be associated with auto-immune diseases (e.g. type 1 diabetes, juvenile arthritis), neurobehavioural diseases [e.g. attention deficit hyperactivity disorder (ADHD)], asthma and some malignant diseases (acute leukemia and cancer in the central nervous system). [28] [29] [30] [31] [32] [33] [34] Given the systemic effects of B19 infection in foetal and infant cases (e.g. anaemia)
4,14-24 and the small size of previous studies, there is a need for an in-depth long-term follow-up for adverse outcome of the potential concern for pregnant mothers testing positive for B19 infection in routine checkups. We took advantage of the high number of tests for B19 infection performed in Denmark and the high quality of Danish national registers, and determined morbidity and mortality in infancy and childhood in 113 228 children after in utero exposure to a maternal B19 infection measured by IgM seropositivity. [36] [37] [38] In pregnant women, the EIA TM test has a reported sensitivity of 100% during acute infection and 64% when the sera of pregnant women were collected 8 to 12 weeks after the infection. The specificity was reported to be 92%. 39 In the study we defined women as having acute B19 infection if they tested positive for B19 IgM antibodies. Thus, cohort children with a maternal record of a positive B19 IgM result during pregnancy were defined as children exposed to maternal B19 infection during foetal life.
Materials and Methods

Study cohort
The Danish National Patient Register
Information on morbidity (except cancer) was identified in the National Patient Register which contains information about all non-psychiatric hospital admissions in Denmark since January 1977. 40 Outpatient hospital contacts and psychiatric hospital admissions have been included since 1995. Information concerning, for example, dates of admission and discharge, hospital department and diagnoses is kept for every hospital contact linked to the patient's CRS number. Since 1 January 1994, diagnoses have been coded according to the 10th revision of the International Classification of Diseases (ICD-10).
The Danish Cancer Register
Cancer cases were identified in the Danish Cancer Register. This register contains information on persons diagnosed with cancer since 1943. 41 
Statistical analysis
The possible effect of B19 infection in pregnancy on morbidity and mortality in the offspring was analysed by survival analyses. For morbidity, children were followed from date of birth until date of diagnosis of the relevant morbidity, death, emigration or 31 December 2010, whichever came first. For mortality, children were followed from date of birth until death, emigration or 31 December 2010, whichever came first. Incidence rate ratios (IRR) with 95% confidence intervals (95% CI) were estimated in a log-linear Poisson regression model adjusted for sex, maternal age (<20, 20-24, 25-29, 30-34, 535 years), year of B19 test (1994-97, 1998-2001, 2002-05, 2006-09 ) and age of the child (1-year categories; due to a lack of cases in the upper age categories, we combined the upper age categories where needed). IRRs of morbidity and mortality were estimated for both infancy (the 1st year of life) and childhood (from date of birth and maximally up to 16 years of age). For adjustment of IRRs of infant morbidity and infant mortality, age was further categorized as 0-5 months and 6-11 months. For morbidity, effect modification by aforementioned categories of maternal age, sex, and year of B19 test was evaluated by including interaction terms in the model.
Data management and analyses were performed with SAS software (version 9.1, SAS Institute, Cary, NC, USA). Maximum likelihood estimation of IRRs and 95% CIs were performed using the GENMOD procedure in SAS. Two-sided P-values were based on likelihood ratio tests, and 95% CIs were based on Wald's approximation.
Ethical aspects
The study was approved by the Danish Data Protection Agency (file no. 2008-54-0472). Because subjects were not contacted as part of the study, written informed consent was not required in accordance with Danish law.
Results
Our cohort consisted of 113 228 children born to women tested for B19 infection during pregnancy between 1994 and 2009. Table 1 presents characteristics of the children with regards to sex, maternal age and the year of B19 test. The mean age of the mothers in the cohort at time of birth was 30.7 years (range 14.5 to 48.9 years). Overall, 1095 (0.97%) children were exposed to maternal B19 infection during foetal life. The proportion of exposed children increased with increasing age of the mother (P < 0.001), and varied by year of B19 test (P < 0.001) in accordance with reported epidemics. 42, 43 A total of 10 856 children experienced morbidity during 965 792 person-years of follow-up. The median duration of follow-up for morbidity in childhood was 9.2 years. Among children who experienced morbidity, 103 were exposed to maternal B19 infection during foetal life (Table 2) . Overall, exposure during foetal life was not associated with morbidity in childhood (IRR 0.93; 95% CI: 0.77 to 1.14) ( Table 2 ). The corresponding IRR for morbidity in infancy (children aged 0-12 months) was 0.64 (95% CI: 0.40 to 1.02). In analyses of effect modifications, the potential association between exposure to maternal B19 infection during foetal life and morbidity in childhood was not modified by sex (P ¼ 0.26), maternal age (P ¼ 0.58) or year of B19 testing (P ¼ 0.08).
In a supplementary analysis of morbidity, we excluded asthma cases because asthma was much more prevalent than other studied morbidities and thus, theoretically, could either weaken or represent a morbidity after B19 infection. However, we found no association between B19 infection and overall morbidity excluding asthma (IRR 0.85; 95% CI: 0.60 to 1.21) (footnote, Table 2 ). Table 3 shows the IRRs for each of the 20 specific morbidities. Exposure to maternal B19 infection during foetal life was not associated with the risk of 19 of the 20 specific morbidities (Table 3 ). B19 exposure was associated with an excess risk of cancers in the CNS (IRR 5.88; 95% CI: 1.41 to 24.6) based on two exposed cases. These two B19-exposed cases of CNS cancer were diagnosed at ages 1 and 4 years, respectively, were not part of multiple pregnancies and experienced no other of the selected morbidities during the study period.
In a supplementary analysis of overall morbidity, we included in the study cohort children born to mothers with an unregistered or inconclusive record of B19 IgM test result (12 769 children), and this did not change the results materially, i.e. regardless of whether the IgM records were interpreted as negative or positive. Finally, analyses of overall morbidity were performed after restricting the study cohort into samples performed in the first, second or third trimester of pregnancy, respectively. These restrictions did not change the results materially.
Discussion
This large cohort study demonstrated no overall association between B19 infection in pregnancy and the offspring's risk of morbidity and mortality in infancy and childhood. The important message is that the detrimental effects (e.g. anaemia, cardiac failure, myocarditis) that B19 may inflict on the foetus are not carried forward as a morbidity into childhood. Extra precautions during the pregnancy are recommended due to the risk of hydrops foetalis and the risk of foetal death; 2, 3, [6] [7] [8] however, this population-based study shows that a live-born child does not carry on an excess risk of serious morbidity or mortality after a maternal B19 infection. The concern that B19 infection during pregnancy might cause long-term detrimental effects primarily comes from animal studies where intrauterine B19 infection has been documented to cause malformations in a variety of animal species. 26, 27 In humans, the evidence has primarily been based on case reports suggesting an association between B19 infection during pregnancy and infant morbidities such as anomalies of, for example, the heart, brain and eyes. 4, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] The literature is very sparse with respect to more systematic evaluations of a possible association. One study identified 182 exposed children and sought information on similar rare morbidities by questionnaires to general practitioners. 8 Results were inconclusive partly because very few cases were identified, and partly because the exposure was incompletely recorded as only mothers with symptomatic B19 infection or reported contact with suspected cases of B19 infection were included in the study. In fact, it has been reported that up to 50% of B19-infected pregnant women are asymptomatic. 9, 10 The few morbidities observed in the study (six cases of mild developmental delay, three cases of iron deficiency anaemia and single cases of thrombocytopenia, eosinophilia, atrial tachycardia and torticollis) could not be causally related to the maternal B19 infection when the authors considered aetiology and expected prevalence.
Our study had several strengths. The incidence rate ratios presented were based on a large cohort of more than 110 000 children born to mothers serologically tested for B19 infection during pregnancy. With a median follow-up time of 9.2 years and more than one million person-years, the present study is, to our knowledge, by far the largest follow-up study on this subject to date. The data provided a unique opportunity to study morbidities that were either congenital or occurred very early in life or later in childhood long after the exposure. Information on the exposure during pregnancy and outcomes in the offspring was obtained independently of each other by taking advantage of the high quality of the national registers in Denmark. The study included pregnant women from all over Denmark who attended a general practitioner or hospital that chose to request a B19 test. In general, B19 IgG and IgM testing is often requested as part of a screening for a range of diseases and thus without a specific clinical suspicion of acute B19 infection. By way of example, all pregnant women are offered serological screening for HIV and hepatitis B infection, and since doctors are aware of the risk of foetal death associated with B19, they often in addition request a B19 test routinely. Finally, the prevalence of B19 infection in our cohort (0.97%) was compatible with population-based seroconversion rates observed in pregnant women (0.84%) 43 also during an epidemic in 1994 (2.9% vs 4.5%). We used hospital diagnoses as outcomes. Most diagnoses have been reported to have a high validity and completeness (e.g. type 1 diabetes 44 and malignant diseases 41 ) whereas others have a less complete registration, e.g. far from all cases of ADHD, delayed psychomotor development or asthma 45 are admitted to hospitals.
Theoretically, a low specificity (i.e. many false positives) of the studied diagnoses, as we suspected for pre-school asthma, could cause non-differential misclassification and thereby lead to a deviation towards a relative risk of 1. However, excluding morbidity from asthma did not change the overall result. We observed an association between exposure to maternal B19 infection and an increased risk of rare CNS cancers, based on two exposed cases. We believe this finding should be interpreted with due caution. The very small number of exposed cases and the broad range of association (confidence intervals), as well as the fact that no previous case report implicated B19 in the aetiology of CNS cancers, argue against a strong causal association. Rather, the result reflects the fact that many outcomes were scrutinized in this study.
Conclusion
This large population-based study found that B19 infection during pregnancy, as measured by IgM test at routine checkups, is unlikely to be associated with increased risk of offspring morbidity or mortality in infancy and childhood. The finding is reassuring and useful in guidance of B19-infected pregnant women. It should be noted, however, that there is a known risk for foetal complications [6] [7] [8] and a suspicion of rare neurodevelopmental impairment 11, 14 which in some cases (e.g. immune deficiency, fertility problems) might be an argument for avoiding environmental exposure to the extent possible or for B19 vaccination when it might become available.
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KEY MESSAGES
Parvovirus B19 (B19) infection during pregnancy is known to increase the risk of foetal loss and complications, but animal and case reports have also raised suspicion about infant morbidity and mortality.
In a large population-based follow-up of children with B19-tested mothers, neither mortality nor 19 of 20 serious morbidities were associated with foetal exposure to the virus.
The finding is reassuring and may help guidance of B19-infected pregnant women.
